Intermediate Scattering Functions (ISF's) are measured for colloidal hard sphere systems using both Dynamic Light Scattering (DLS) and X-ray Photon Correlation Spectroscopy (XPCS). We compare the techniques, and discuss the advantages and disadvantages of each. Both techniques agree in the overlapping range of scattering vectors. We investigate the scaling behaviour found by Segre and Pusey 1 but challenged by Lurio et al.
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I. INTRODUCTION
Over the past decade, X-ray Photon Correlation Spectroscopy (XPCS) has emerged as a valuable tool for the study of dynamics in soft matter [3] [4] [5] [6] [7] . The technique has two principle advantages over the well established technique of Dynamic Light Scattering (DLS): the first is that the shorter wavelengths allow for measurements at larger scattering vectors (smaller size scales); the second is that X-ray measurements do not suffer from multiple scattering. These advantages are balanced against two major disadvantages: X-rays have lower coherence than (laser) light sources (leading to reduced correlation intercepts); and that samples can be easily damaged by intense X-rays.
A number of authors have applied XPCS to study the dynamics of suspensions of colloidal particles 2,7-11 . This builds on extensive studies using light scattering techniques 12, 13 , and, more recently, microscopy techniques [14] [15] [16] . The most widely studied system is that of particles which behave as hard spheres 17 .
The fundamental quantity measured in scattering experiments is the Intermediate Scattering Function (ISF) which describes the dynamics of the particle number density. For suspensions at moderate concentrations, the dynamics are often divided into three regimes: a short time diffusive regime, where particles diffuse within their neighbour cages; a nondiffusive crossover regime or plateau, where the interactions between a particle and its neighbour cage are most clearly exposed; and a long time diffusion regime where the particles have escaped their neighbour cages. This long time regime is particularly difficult to access experimentally, and ambiguities in interpretation can arise depending on the method of analysis used.
To date there have been no direct comparisons between the two techniques on concentrated suspensions of colloidal particles. There are however instances where XPCS and DLS experiments have not been in agreement. Specifically, DLS experiments carried out on sterically stabilized hard spheres 1 , found that the short and long time diffusion coefficients (D s (q) and D L (q) respectively) both scale with the structure factor -in other words the ratio
is independent of q. However, this finding has since been questioned by Lurio et al. 2 , who used XPCS to study a system of charge-stabilized polystyrene latex spheres in glycerol. In this work they showed that the measured structure factors for this system were consistent with those of hard spheres -however, when they investigated the dynamics of this system, they did not observe the long time scaling. There are several possible explanations for this discrepancy: i) there is a fundamental difference between XPCS and DLS which results in different measured behaviours; ii) X-ray damage contributes to the measured results in XPCS; iii) the charge-stabilized pseudo-hard-sphere system is not equivalent to the steric hard sphere system; and/or iv) the differences may arise from ambiguities in the determination of the long time diffusion coefficient 18, 19 .
In this paper we compare the two techniques by examining sterically stabilized hard spheres using both DLS and XPCS. By using the same samples for both techniques we can eliminate sample variation and effects of sample preparation. did not include the peak of the structure factor or the minimum of the form factor, where contributions from multiple scattering are maximal.
II. THEORY
DLS and XPCS are now standard methods for measuring the dynamics of colloidal suspensions under certain conditions and have been reviewed in numerous articles 4, 7, 12, 19, 20 . In this section, we summarize some important aspects. The basic quantity measured by both techniques is the (normalized) time-averaged autocorrelation function (ICF) of the intensity, I(q,t), of the scattered light:
where q is the magnitude of the scattering vector, τ is the delay time. For ergodic systems the ICF factors according to the Siegert relationship:
where
and
is the intermediate scattering function -the auto-correlation function of the q th spatial Fourier component of the particle number density fluctuations. The polydispersity of the colloidal suspension, i.e. the (small) relative spread in particle radii (see below), is not explicitly taken into account. In Eq. (2), c is an experimental constant determined by the ratio of the coherence area to the detector area. Note also that F (q, 0) = S(q) is the static structure factor.
For diffusive density fluctuations we have,
More generally one calculates the time-dependent quantity 1,21
The latter describes the evolution from short time processes, expressing the particles' (diffusive) response to those hydrodynamic modes in the suspending liquid that propagate instantaneously on the experimental time scale τ > 10 −6 s, to the long-time processes associated with structural rearrangement or diffusion over larger distances. These processes are characterised by the short and long time collective diffusion coefficients respectively:
Where τ l is the lower limit of the experimental time window. It is now well established that D s (q) shows a minimum at the position, q m , of the maximum in the static structure factor, S(q) 1 . This is the familiar de-Gennes narrowing -the initial diffusive decay of density fluctuations is slowest at q m 22,23 .
III. METHODS

A. Sample Preparation
The particles used in this work consist of a co-polymer core of methymethacrylate (MMA) and Trifluorethylmetacrylate (TFEMA). The co-polymer TFEMA is added to enable refractive index matching in a single solvent (cis-decalin), and the suspension turbidity can be controlled by changing the temperature. For these samples the index matching is sufficiently good that multiple scattering is nearly zero in the range of scattering angles studied 2 shows the ISFs for both techniques. As can be seen, the reduced intercept of the XPCS measurements now becomes important, and leads to the non-zero baseline for two of the scans. This is exacerbated by poor statistics, due to the fact that at low volume fractions the scattering is very low. This could be improved by accumulating for longer, however in the present case this was not attempted to limit the possibility of beam damage. Despite this difference, the results of the initial decay are still consistent.
DLS measurements were typically carried out in large sample cells with ∼ 8mm path lengths, whereas X-ray measurements must be carried out in small path length (∼ 1.5mm) X-ray capillaries. To determine whether the use of capillaries causes any change in the dynamics (eg due to shear alignment during loading), the inset in fig. 2 shows a comparison between DLS measurements at two volume fractions in standard DLS cells and in X-ray capillaries. The agreement seen here demonstrates that any difference observed between DLS and XPCS results is not due to different preparation methods or sample cells.
Turning now to higher volume fractions, the measured ISFs from both techniques are shown in fig. 3 for a range of volume fractions and scattering vectors. provides an upper limit on how many runs can be made on each sample. By contrast, for DLS, an arbitrarily large number of runs can be made to achieve the desired statistical reliability. For the data studied here 50 runs of 1000s were routinely made. For this reason, having established the equivalence of the two techniques, the analysis below will be limited to the DLS data. as:
which is shown as a function of delay time in fig. 7 . The insets show the width function at statistical errors, the ISFs determined from DLS and XPCS agree very well. The main limitation of XPCS is that good sample statistics are much harder to obtain, partly due to the lower coherence, and partly due to beam damage, which limits how long statistics can be accumulated for on a particular sample. This is particularly true for the higher volume fractions, where restricted diffusion means individual particles are exposed to the X-ray beam for long periods of time. In order to improve the statistics at high volume fractions, it would be desirable to have the samples mounted on a translation stage so that a series of short measurements can be made at different positions in the sample to limit sample damage. Such studies are currently being planned.
Despite this, the results confirm that careful use of XPCS can provide data of similar quality to DLS. There are a number of situations where XPCS would be preferable to DLS:
first, where particles are smaller than R ∼ 120nm, where the structure factor peak cannot be accessed using DLS; second, for samples where multiple scattering is significant; and finally, where dynamics need to be studied at higher q values as shown in fig. 4 (though not explored here, even higher values are possible using XPCS).
We turn now to the results of the scaling analysis. First, we find that D s (q) scales with S(q), an effect knows as DeGennes narrowing. Second, we find that the long time diffusion coefficient cannot be defined away from the peak for our system, so the scaling of the ratio Figure 11 . Time-dependent diffusion coefficient, normalised to the short-time diffusion coefficient, as a function of delay time for several volume fractions at qR = 3.57 (around the peak of the structure factor for higher volume fractions).
we do observe a scaling behaviour of the time-dependent diffusion coefficient at high volume fraction. This result agrees with Segre and Pusey but is not observed by Lurio et al.
As the system under study is a hard sphere system very similar to the system used by Segre and Pusey, (though with higher polydispersity) the difference in the results is puzzling.
One possible explanation is in the way the long time diffusion coefficient is determined. Our results have shown that the determination of this quantity is problematic, and according to our analysis, it cannot be defined away from the structure factor peak. Inspection of Fig. 11, for example, shows that a clear plateau can be identified at early times (D s ), but that a plateau is much less well defined at long times. It is possible that the differences between our results and those of Segre and Pusey are related to the determination of this property.
The identification of a long-time diffusive regime for the collective dynamics (through the width function, fig. 7 ) is clearly observed around q m but not at other q values. So the following question can be asked: does a long-time diffusive regime exist for all q? We consider the quantity ∆r 2 (τ c m (q)) , which corresponds to the mean squared distance a particle has to move for the number density fluctuations to forget excluded volume effects -where ∆r 2 and τ c m (q) are respectively the time-dependent mean square displacement and the delay time at the crossover between the fast and slow processes. This quantity was previously introduced and measured for the same particle suspensions 13 . At φ f = 0.498 and q m , the quantity Interestingly, this question has been independently addressed in a recent paper by Holmqvist and Nagele 28 for charge stabilized colloids. These authors do observe the long time scaling behaviour found by Segre and Pusey 1 for scattering vectors around the peak of the structure factor. One difference between their system and the one studied here is that due to the smaller size, lower viscosity and perhaps the nature of the interactions, the timescales are very much faster -the ISF is complete within ≈ 30 ms, whereas for the data presented here the decays at the highest volume fractions are of the order of 10 s, almost 1000 times longer. In our experiments 50 x 1000 s measurements were made, but we were still unable to observe long time diffusive behaviour except at the peak of the structure factor. So it may be that for the hard sphere system used here, the determination of a true long time limit away from the structure factor peak is not possible with any reasonable experimental time. Nevertheless, an analysis similar to our figure 7 for the data shown in Holmqvist and Nagele 28 would provide a more unambiguous measure of the determination of the long time diffusion coefficient, and would shed more light on the observed differences.
More generally, the results summarized in fig. 11 show that the evolution of the timedependent diffusion coefficient changes dramatically with volume fraction. At low volume fractions the transition between the two takes a long time. However as volume fraction increases the short and long time processes quickly separate, as more and more particles become trapped in neighbour cages. The magnitude of this separation increases, and occurs at shorter times, as the dynamics become slower.
VI. CONCLUSIONS
We present an extensive study of concentrated colloidal hard sphere suspensions using both DLS and XPCS, as functions of volume fraction and scattering vector. A scaling behaviour, found by Segre et al. 1 , is observed over several decades in time but not in the long time regime where significant q-dependence is observed for higher volume fractions. While the short-time diffusion regimes clearly exist at all volume fractions and scattering vectors,
